A new process was proposed for the total recycling of shellfish wastes combining the carbonate production with a high-pressure carbon dioxide aqueous solution and methane fermentation. The shell part of shellfish, mainly composed of calcium carbonate was dissolved into the aqueous solution of carbon dioxide at about 30 bar or acetic acid, and will be separated from the flesh part. On the other hand, the flesh part can be anaerobically fermented to produce biogas mainly composed of methane. Two options can be considered for the treatment of the carbonate solution; recovered as pure calcium carbonate, or disposed of into the ocean as a carbon sequestration process. Process feasibility was examined by obtaining key parameters through laboratory-scale experimental studies. The dissolution kinetics of blue mussel samples was examined with a high-pressure CO 2 solution and acetic acid to elucidate the influences of CO 2 pressure, temperature, stirring speed, and the sample size on the dissolution kinetics. The biogas production rate was examined with the flesh part of the sample mussel either treated with an acid solution or untreated. The biogas production rate was found to be almost unaffected by the acid exposure. Based on the experimental results, the process design and evaluation was carried out. The cost of the process with CO 2 treatment and recovery of calcium carbonate was about 21,000 JPY/tshellfish waste, that of ocean disposal process was 44,000 JPY/t-shellfish waste, and that of acetic acid treatment process was 16,000 JPY/t-shellfish waste, respectively. The proposed processes are competitive with the conventional waste disposal cost, while being simpler and more environmentally benign.
Introduction
Disposal of shellfish wastes, which are collected from seawater channel in cooling facilities in thermal or nuclear power plants, has caused a severe environmental problem in Japan (Yasue and Toyama, 2001 ). The shellfish consist mainly of adhering shellfish, such as blue mussels and barnacles. The amount of these shellfish discharged from power plant facilities is estimated about 1,500 tons per facility every year. Because these shellfish are not appropriate for food, both parts of shell and flesh should be treated as wastes. Up to now, most of the shellfish have been disposed of by incineration or landfill. The incineration treatment is highly power-consuming, and the landfill disposal may cause odor problems from the flesh part (Kawabe, 2003) . Recycling of shellfish wastes as fertilizer has been also examined (Imai et al., 1999) , but the demand and market for the fertilizer may be very limited. For these reasons, development of a novel and effective recycling process of shellfish wastes has been desired.
In this paper, we propose a new recycling process of shellfish wastes combining an acid treatment and methane fermentation. The shell part could be dissolved into an aqueous acid solution, while the flesh part could be converted to biogas with an anaerobic fermentation process. For acid treatment, we used carbonic acid and acetic acid. We examined technical feasibility of the proposed process through laboratory-scale experimental studies under various experimental conditions for both operations. Based on the experimental results, the recycling process was designed and evaluated in terms of the power consumption and the cost. Flow diagram of the process (i) (upper), (ii) (middle) and (iii) (lower) The process proposed in this study is comprised mainly of two operations, namely, dissolution of shell part with an aqueous acid solution, and conversion of flesh part with anaerobic fermentation for biogas production. Three options can be considered. The process flow diagrams for the three options (Process (i), Process (ii), and Process (iii)) are shown in Figure 1 .
Shellfish collected from the water channel will be crushed in a mill. Then the shellfish waste will be treated in a high-pressure tank for acid treatment. Bulk part of shells generally consists of laminar structure of calcium carbonate (95 wt%), chitosan and protein (Yoon et al., 2003) . Calcium carbonate could be dissolved into carbonic acid equilibrated with high pressure CO 2 (Process (i) and (ii)) or acetic acid (Process (iii)). Acid treatment for shell dissolution:
Only the shell part of the waste shellfish will be dissolved in the solution, and separated from the flesh part with filtration or sedimentation. Such a separation through the shell dissolution could be realized by the treatment with other stronger acid such as hydrochloric acid. However, stronger acid would damage the flesh part during the treatment, while little damages were observed for the treatment with high-pressure CO 2 solution or acetic acid. In addition, high-pressure CO 2 gas used for the shell dissolution process would be supplied from the flue gas of the thermal power plant after separation and compression.
The flesh part will remain as solids after the dissolution of the shell part. The remained flesh part can be used as a biomass source with an anaerobic fermentation process. The generated biogas can be used for power generation. The power as well as the CO 2 generated by methane combustion could be used in the acid treatment process of the shellfish waste.
In the Process (i), the solution phase containing calcium will be transferred to a crystallization process. The solubility of calcium carbonate depends on the CO 2 pressure and temperature. When the pressure is reduced, some part of calcium carbonate could be precipitated according to the equilibrium CO 2 pressure. CaCO 3 precipitation:
The obtained calcium carbonate could be used in a variety of industrial applications depending on its properties such as particle size and purity. In the process (ii), the solution dissolved with calcium carbonate could be directly disposed of into the ocean for the CO 2 sequestration. In this case, one mole of carbon dioxide could be disposed of as bicarbonate per one mole of calcium. This can be recognized as a one option for ocean disposal of CO 2 as a countermeasure for global warming. The environmental impact caused by the disposal is more benign the direct discharge process of liquid or gaseous CO 2 because bicarbonate is more stable under the higher pressure condition. In this process, however, the disposal depth or pressure should be carefully determined.
In the Process (iii), calcium in shellfish wastes is extracted by acetic acid, and then recovered as CaCO 3 by carbonic acid treatment. In the process, acetic acid can be cyclically used.
Here, it should be noted that methane fermentation process without preliminary shell part separation would not be well operated because of calcium scaling problem. The shell part fed to the fermentation plant will dissolve by organic acids which derived from methane fermentation reaction of flesh part, and react with lactic acid ion or phosphorous ion, and produce insoluble calcium scale. Thus, methane fermentation process without preliminary shell part separation was not considered in this study.
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Fig. 2
Optical microscope images of the crushed shell 1. Experimental
Materials
Blue mussel was selected as a model shellfish waste in this study. For the dissolution experiment of shell part, the flesh part was manually removed and then the shell part was crushed and sieved. The weight fraction of CaCO 3 in the shell part was 96 wt%. Figure 2 shows the images of the crushed shell. Flesh parts were also crushed and sieved for the fermentation experiments. Total chemical oxygen demand (T-CODcr) of the flesh mince was about 70,000 mg/L.
High-pressure CO 2 solution treatment
The schematic drawing for the experimental apparatus for the dissolution of shell is shown in Figure 3 . CO 2 dissolution experiments were conducted in a highpressure tank reactor of which the inner volume was 500 mL. The reactor is equipped with a sampling line with sintered-metal filter (5 µm mesh). Gaseous CO 2 was supplied to the reactor under a pre-determined constant pressure (10-50 bar). The reactor was immersed in a water bath, of which the temperature was controlled with an accuracy of 0.1 K. The reaction temperature was changed in the range of 293 and 343 K. Agitation of the reactor contents was carried out by a two-wing paddle at a rate of 0-1000 rpm. A known amount of shell sample (typically 1.0 g) and ion-exchanged water (typically 300 mL) were introduced into the reactor under the atmospheric condition. The gas phase was then replaced by CO 2 under a lower pressure condition, and then the CO 2 pressure was increased gradually to a set value for the reaction. The CO 2 was continuously supplied to the reactor from the CO 2 cylinder, in order to keep the CO 2 pressure constant during the experiment. At a given interval, a small portion (about 1 mL) of the content of the reactor was sampled through the sampling line through a filter (5 µm mesh). After acidification of the sampled solution by nitric acid, the calcium contents in the sample were determined by inductivity-coupled plasma-atomic emission spectrometry (ICP-AES, ICPS-7510, Shimadzu Corp.) to monitor the dissolution rate of calcium form the shell. Effect of the operating conditions such as stirring speed, size of shell sample, CO 2 pressure, and temperature were investigated on the dissolution behavior of calcium from the shell sample. The experimental conditions were summarized in Table 1 . The standard experimental conditions were set as follows; Stirring speed: 800 rpm, sample size: 0.60-1.18 mm, CO 2 pressure: 30 bar, and temperature: 323 K, and used unless otherwise noted.
Acetic acid treatment experiments
For acetic acid treatment experiments, the same apparatus illustrated in Figure 2 was used. Instead of CO 2 , acetic acid was fed to the crushed shell sample. The experimental conditions were summarized in Table 2 .
Methane fermentation experiments
In this section, effects of the high-pressure CO 2 and acetic acid treatment on the methane fermentation performances of the flesh part were examined. This investigation is essential for the possibility of the simultaneous treatment of the flesh part and the shell part with a highpressure CO 2 for the separation. Influence of the sample size on calcium concentration change: Stirring speed, 800 rpm; CO 2 pressure, 30 bar; Temperature, 323 K 0.35 L of the shell flesh mince sample was placed in the high-pressure reactor, and gaseous CO 2 was supplied to the reactor with 30 bar for 1 h at a stirring speed of 200 rpm and the temperature of 323 K. Flesh part was also exposed to 30,000 ppm of acetic acid. After the acid exposure, 50 g of flesh samples were mixed with a methane fermentation liquor of 0.4 L. Then the solutions were placed in the methane fermentation incubator at 328 K (MTI-202B, Tokyo Rikakikai Co. Ltd.). The fermentation was carried out under an anaerobic condition without supplying fresh air. Biogas was collected into Teflon gasbag and analyzed for its composition. As a control, fermentation experiments by using flesh sample without acid exposure was carried out under the same conditions.
Results and Discussion
2.1 High-pressure CO 2 solution treatment 2.1.1 Influence of stirring speed
The profile of the calcium concentration change for the stirring speed at 800 rpm was almost equal to the one for the stirring speed at 1,000 rpm; the concentration of calcium in the liquid phase increased almost linearly with the reaction time at the initial stage up to 60 min, and then gradually approached the thermodynamic equilibrium solubility after 150 min of the treatment. On the other hand, when the stirring speed was 400 rpm, the increasing rate of calcium was lower than the cases with higher stirring speed. Hereafter, all the dissolution experiments were conducted with a fixed stirring rate at 800 rpm, under the condition the apparent dissolution rate represent the intrinsic reaction rate at the surface without containing the external mass transfer resistance. Figure 4 shows the time variation of the calcium concentration in the aqueous solution phase during the shell dissolution reaction for various sample sizes. The initial sample weight was equal for all the samples. The smaller shell sample showed higher dissolution rate. The dashed line in the graph shows the equilibrium concentration of calcium ions in a water-CO 2 -Ca 2+ system at the experimental conditions. The equilibrium constants were obtained from the literature (Stumm and Morgan, 1996; Ohtaki, 1997 ). An apparent supersaturation state was observed for the case of the sample with the smallest size of 0.30-0.60 mm. It is considered that coexisting materials in shell part, such as chitinous or protein layer affects the apparent solubility of calcium in the system. 2.1.3 Influence of CO 2 pressure Figure 5 shows the time variation of the calcium concentration in the solution phase under various CO 2 pressures. The concentration change profile at 50 bar was almost similar for that at 30 bar, while the concentration changing rate was lower at 10 bar. Because the driving force of the shell dissolution is considered as the difference between the saturation solubility, C sat and the calcium concentration in the liquid phase, C(t), it is considered that the higher dissolution rate at higher-pressure conditions could be due to the higher saturation concentration. Figure 6 shows the time variation of the calcium concentration in the solution phase under various experimental temperatures. The initial dissolution rate showed a maximum at 323 K, although the rate at 343 K was close to that at 323 K. Since the saturation solubility of calcium ions is a decreasing function of the temperature, the observed temperature dependence of the dissolution rate cannot be explained merely in terms of the driving force, (C sat -C(t)). It can be assumed that the kinetic constant for the dissolution reaction, k, is a increasing function of the temperature, presumably in a exponential form like the Arrhenius type. Because of these opposite temperature dependences of the driving force and the kinetic constant, the apparent Influence of temperature on the time variations of dissolved calcium concentration in water phase: Stirring speed, 800 rpm; Sample size, 0.60-1.18 mm; CO 2 pressure, 30 bar dissolution reaction showed a maximum at an intermediate temperature at 323 K. From the above experimental studies, it was shown that the shell part of the mussels could be dissolved in the high-pressure CO 2 solution with a rather high dissolution rate, although the apparent dissolution rates are highly dependent on the dissolution conditions. Therefore, the shell dissolution with high-pressure CO 2 solutions could be applied for the separation of shell and flesh parts of waste shells for recycling. Figure 7 shows the time variation of the calcium concentration in the solution phase under various acetic acid conditions. The higher dissolution rate was observed at the condition for higher acetic acid concentration. It is considered due to the higher proton ion concentration. It was observed that the initial dissolution rate was almost saturated under the conditions for over 42,000 ppm of acetic acid. Note that the saturated concentration of calcium in Figure 7 is about ten times higher than that for CO 2 treatment in former section. Figure 8 shows the time variation of the biogas yields from the flesh mince samples with and without CO 2 exposure pre-treatment. In two weeks, the COD value of the fermentation liquor reduced about 70-80%. No significant difference in the biogas yields and compositions between the acid exposed flesh mince and the control was observed. The concentrations of methane in biogas after 3rd and 7th days were 11 and 55%, respectively. From the results, biogas of about 30 mL (60% methane) can be produced from 1 g of the flesh mince.
Influence of sample size
Influence of temperature
Acetic acid treatment experiments
Methane fermentation experiments
Process Design and Evaluation
From the above experimental results, it was shown that the shell part could be dissolved with a high pressure CO 2 exposure or acetic acid, and it was confirmed that these acid treatment does not affect the methane fermentation performance of the flesh part. Thus, it was shown the proposed process is technically feasible. In this section, the process design was carried out based on the experimental results and the process cost was estimated.
Process outline and assumptions
Process outline for the three options (Process (i), (ii), and (iii)) are shown in Figure 1 . All options are comprised of several operations, and cost for each operation was estimated. Operations included common in all Processes,
(1) removal of shell waste, (2) crushing of the shell waste, (3) CO 2 capture and compression from a flue gas stream of a thermal power plant, (4) high-pressure CO 2 treatment for the separation of shell part, (5) methane fermentation of the flesh part. In addition to them, (6) crystallization of CaCO 3 (Processes (i) and (iii)), (6 ′ ) discharge of the dissolved solution into the ocean (Process (ii)). For the cost estimation of the processes, costs for the electric power, water supply, CO 2 supply and the plant equipment, along with the revenue by CaCO 3 sales were considered. In Table 3 , the assumptions made for the cost estimation of proposed processes were summarized. The experimentally obtained values in the present study were used for the weight fraction of CaCO 3 in the shell and the calcium dissolution rates were used. Other assumptions were taken from hearing from related companies or Fig. 9 Total costs of the proposed processes. Costs: (1) electrical power; (2) water supply; (3) CO 2 expense; (4) capital cost; (5) labor cost; (6) transportation cost; Revenues: (7) CaCO 3 selling; (8) electricity generated from produced methane; (9) carbon tax literatures (Imai et al., 1999; Sakai et al., 2005) . Table 4 shows the breakdown of the power consumption for each process. Figure 9 shows the total costs of the processes. The total cost was about 21,000 JPY/tshellfish (about USD 190) for Process (i), 44,000 JPY/tshellfish (USD 400) for Process (ii), and 16,000 JPY/tshellfish (USD 145) for Process (iii), respectively. The higher cost for the Process (ii) is because the high-cost water and CO 2 cannot be recycled and reused in the process. It is noted that sea or river water can be also used in these three processes; however the influences of calcium ion or other ions existing in sea or river water should be considered. The cost for the Processes (i) and (iii) is comparable with the disposing cost of industrial wastes (just disposal of in a site) in Japan, which is in the range of 15,000-40,000 (USD 137-364) JPY/t-waste. However, the disposing cost is not included the treatment process, but a merely simple disposal in a site. Thus, the present process will be proposed Processes (i) or (iii) would be more environmentally benign with a relatively high economical feasibility. On the Process (ii) seems disadvantageous due to the high cost of CO 2 and water. However, the gap could be partially filled by introducing the carbon tax for the CO 2 emission.
Estimation results
Conclusions
It is confirmed that the proposed processes are technically feasible from the experimental results. The shell parts could be dissolved into an aqueous solution of highpressure CO 2 with a reasonably rates, which is demonstrating that the shell and flesh parts can be efficiently separated by this operation. Exposure of the flesh parts to high-pressure CO 2 has been found to posses no noticeable effects on the methane fermentation. The cost of the Process (i) (recovery of calcium carbonate) was estimated to be about 21,000 JPY/t-shellfish waste, that
